Chronic inflammation induced by
Chlamydia trachomatis (CTR) is the most common cause of sexually transmitted bacterial infection worldwide. Most CTR infections are asymptomatic and often remain untreated. Infection with CTR may apparently resolve without long-term complications, but some women develop persistent infection that may cause tubal damage, leading to subfertility or ectopic pregnancy [1] . CTR has a direct cytotoxic effect on the mucosa of the Fallopian tube, resulting in a loss of microvilli [2] . However, permanent tubal damage is predominantly a consequence of a host immune response to persistent or repeated infection [3] .
Tubal damage in subfertile women can vary greatly in extent, anatomical location, and nature [4] . The process leading to tubal damage has not been well defined, but host genetic factors and variation in the immune response are likely to contribute to individual variation in disease outcome [5] . The T lymphocyte response and a complex network of cytokines are crucial in the resolution of acute infection, and T cells also probably play an important role in the pathogenesis of CTR-associated infertility [6, 7] . A continuing inflammatory response in the Fallopian tube, in the presence of tumor necrosis factor (TNF)-␣, leads to inflammatory proteolysis of the extracellular matrix and tissue repair, resulting in fibrosis and scarring [5, 8] .
The cytokines interferon (IFN)-␥ and interleukin (IL)-10 play opposing roles in regulating host immune responses. The former activates macrophages to control intracellular infections [9] , whereas immunosuppressive IL-10 down-regulates the expression of IFN-␥ and TNF-␣, as well as major histocompatibility complex class II antigens and costimulatory molecules, on macrophages [10] . Individual differences in the magnitude of IL-10 and IFN-␥ responses are genetically determined. The rate of IFN-␥ production is associated with the IFN-␥ ϩ874 T/A single-nucleotide polymorphism (SNP), where the specific sequence of the T allele coincides with a putative NF-␤ binding site and correlates with high IFN-␥ production, whereas the A allele corre-lates with low IFN-␥ production [11] . IL-10 Ϫ1082 A/G, Ϫ819 C/T, and Ϫ592 C/A SNPs are in linkage disequilibrium and form 3 haplotypes: GCC, ACC, and ATA, where GCC is associated with high IL-10 production and ACC and ATA with low production [12] . The IL-10 haplotype associated with high IL-10 expression increases the risk of a severe clinical outcome of trachoma [13] . On the other hand, the IL-10 -1082 AA genotype, which is associated with low IL-10 expression, has been found to be overrepresented among women with tubal factor infertility (TFI) [14] . This finding is consistent with reports indicating that the lack of IL-10 was associated with inflammation-driven pathogenesis in many infectious diseases [15] .
The role of cytokine polymorphism with regard to the extent of clinical manifestation of CTR-associated tubal damage has not been studied. According to the results of our previous studies, IFN-␥ and TNF-␣ secretion, as well as the intensity of the CTR-specific cell-mediated immune response, in humans is strongly associated with IL-10 secretion and with the IL-10 Ϫ1082 polymorphism in the promoter region of the IL-10 gene [16] , suggesting that IL-10 dominates IFN-␥ in regulating the natural history of CTR infection.
Our aim was to study the genetics of CTR-associated TFI by analyzing the genotype distribution of the SNPs associated with the production of proinflammatory (IFN-␥, TNF-␣, and IL-6) and anti-inflammatory (IL-10 and transforming growth factor [TGF]-␤1) cytokines in infertile women with a range of clinical manifestations of tubal damage.
SUBJECTS AND METHODS

Study population.
The study population consisted of 114 infertile women (median age, 33 years; range, 23-40 years) with laparoscopically verified TFI (hereafter known as "cases") who had attended the In Vitro Fertilization Unit, Department of Obstetrics and Gynecology, Helsinki University Hospital, Helsinki, Finland in 1990 -2005. Written informed consent was obtained from each patient, and the study protocol was approved by the ethics committee of the Department of Obstetrics and Gynecology, University of Helsinki. The cases were categorized into 3 groups, according to the severity of tubal damage and following the classification of Hull and Rutherford [17] . The control group consisted of 176 female blood donors (median age, 41 years; range, 18 -59 years) whose buffy coat specimens were provided by the Finnish Red Cross Blood Transfusion Service (Oulu, Finland). The specimens were transported to the laboratory at room temperature within 24 h of donation. Serum for antibody analysis was available from all cases and from 46 controls. Cell samples for testing lymphocyte proliferative (LP) responses were available from 62 cases and from all controls.
C. trachomatis-specific immune responses. A history of previous infection with CTR was evaluated by measuring CTRspecific humoral and cell-mediated immunity, as described earlier by Tiitinen et al. [18] . CTR-and chlamydial heat-shock protein 60 (CHSP60)-specific IgG serum antibodies were analyzed using ELISA kits (Medac Diagnostika). The antibody results were recorded as the mean absorbance of duplicate samples at 450 nm. The threshold for a positive antibody level (mean OD of negative controls, 0.350) was an OD Ͼ0. 4 . Peripheral blood mononuclear cells were isolated, and cell-mediated immunity was analyzed by measuring LP responses to CTR elementary body (EB) strains E and F and to CHSP60 (provided by Richard Morrison), as described elsewhere [14] . The LP responses were measured as the number of counts per minute (cpm) of incorporated [ 3 H]-methyl thymidine, by use of a liquid scintillation counter (Wallac), and the results were expressed as median stimulation indices (SIs) of triplicate cultures (with "SI" denoting the median number of counts per minute in the presence of antigen divided by the median number of counts per minute in the absence of antigen). The viability and reactivity of the cultured peripheral blood mononuclear cells were controlled in each experiment by requiring an SI Ͼ10 in response to the control Pokeweed mitogen.
Genotyping of cytokine polymorphisms. DNA was extracted from polymorphonuclear leukocytes by means of a method using guanidine hydrochloride. , and buffer mix containing deoxyribonucleoside triphosphate were used in a PCR along with positive and negative controls, according to the manufacturer's instructions. The PCR products were separated on a 2.5% agarose gel and visualized under UV light illumination with ethidium bromide stain. The results were documented photographically (Kodak DC 120 Zoom).
Statistical analyses. Pearson's 2 test was used to test for differences in immunologic markers between cases and controls. A 2 test for trend was used to test for possible trends across ordered groups. Genotypes conferring susceptibility are presented in terms of odds ratios (ORs) with 95% confidence intervals (CIs) (SPSS software, version 15.0; SPSS). The 2-sample test of proportions was performed to compare genotype frequencies between cases and controls (Stata statistical software, version 5.0; Stata).
RESULTS
C. trachomatis-specific immune responses.
We analyzed the history of past CTR infection by measuring both cell-mediated immunity and antibody responses to CTR EB and to CHSP60. Specific immune responses to CTR were found more frequently in cases than in controls (figure 1). Three or 4 positive markers of CTR-specific immune responses were found in 47.5% of the cases but in only 11.1% of the controls (P Ͻ .001). A total of 96 cases (84.2%) had at least one positive immunologic marker of past CTR infection and were included in the genetic studies.
The cases were categorized into 3 groups according to the severity of tubal damage, following the classification of Hull and Rutherford [17] . Minor damage with proximal or distal tubal occlusion but with no tubal distension and with flimsy adhesions at most was found in 20 of 96 cases, moderate damage with unilateral sactosalpinx or moderate tubal adhesions was found in 42 cases, and severe damage with bilateral sactosalpinx or extensive adhesions was found in 34 cases. Three or 4 positive markers of past infection with CTR were found in 3 (27.3%) of 11 cases with minor damage, in 17 (54.8%) of 31 cases with moderate damage, and in 9 (45.0%) of 20 cases with severe tubal damage (P ϭ .268, for trend).
Distribution of cytokine genotypes in cases and controls. The genotype distribution of IL-10 Ϫ1082, Ϫ819, and Ϫ592; IFN-␥ ϩ874; TNF-␣ Ϫ308; TGF-␤1 codons 10 and 25; and IL-6 Ϫ174 cytokine SNPs is shown in table 1. All polymorphisms studied were in HardyWeinberg equilibrium, except for IL-10 Ϫ1082 in the controls (P ϭ .042).
The distribution of genotypes IFN-␥ ϩ874 A/T, TNF-␣ Ϫ308 G/A, and TGF-␤1 codons 10 T/C and 25 G/C was similar in the cases and the controls. None of these genotypes was a risk factor with regard to susceptibility to CTR-associated infertility. The TNF-␣ Ϫ308 A allele was rare in the study population, and the majority of cases and controls presented the GG genotype, which is associated with low TNF-␣ production. Seven of the 9 combinations of TGF-␤1 codon 10 T/C and codon 25 C/G genotypes were found in the study population (table 1) .
More than 80% of the cases and controls had a genotype combination associated with a phenotype indicating high production of TGF-␤ [19] . No difference in genotype distribution was found when codon 10 T/C and codon 25 C/G genotype distributions were analyzed separately. The codon 25 C allele was rare both in the cases (6 of 96 women) and in the controls (8 of 176 women). No significant difference was found in TGF-␤1 codon 10 genotype distribution, although the CC genotype tended to be more common in the cases (P ϭ .081, for trend).
The IL-6 Ϫ174 CC genotype, which is associated with low IL-6 production [20] , was more common in cases than in controls (36.8% vs. 24.4%; P ϭ .03).
Cytokine genotypes and the degree of tubal damage. The associations between cytokine genotypes and the degree of tubal damage are shown in The distribution of the TGF-␤1 codon 25 genotype was not analyzed because the number of cases with a codon 25 C allele was small. The distribution of IFN-␥ ϩ874, IL-6 Ϫ174 and TGF-␤1 codon 10 genotypes was similar among cases with different degrees of tubal damage. These polymorphisms were not associated with disease severity.
Discussion. The present study shows that the IL-10 Ϫ1082 A allele and the TNF-␣ Ϫ308 A allele are risk factors for severe CTR-induced tubal damage. A statistically significant trend between the presence of these alleles and the severity of clinical manifestation of tubal disease was observed, suggesting that the regulation of IL-10 and TNF-␣ expression plays a role in the pathogenesis of tubal damage. The observation is consistent with the known biological effects of these cytokines, including chronic inflammation and subsequent irreversible tubal damage.
IL-10 is an immunosuppressive cytokine and may increase the severity of infection when dominating Th1-type cytokine re- sponses at the early phase of intracellular infections [21, 22] . In previous studies, we showed that the IL-10 Ϫ1082 SNP is an important factor in the regulation of CTR-specific cell-mediated immune responses. Women carrying the A allele had higher responses to CTR EB antigen [16] , and positive responses to CTR EB and CHSP60 antigens were more common among cases with the AA genotype [14] . A genetic predisposition to high IL-10 production has also been seen to diminish the production of IFN-␥ [16] , which is needed for the development of successful immune protection against CTR [7] . On the other hand, the cytokine IL-10 is needed to balance an excessive inflammatory response and to prevent tissue damage. Accordingly, IL-10 has been shown to reduce the damaging effect of CTR in an in vitro model [23] , supporting our results showing that the IL-10 Ϫ1082 AA genotype increases the risk of both moderate and severe tubal damage. A statistically significant association between the IFN-␥ ϩ874 polymorphism and chlamydial TFI was not found. This might have been the result of a small sample size, because we found that more cases with severe tubal damage had genotype AA, which corresponds to low IFN-␥ production. This finding is in line with the known association between the IFN-␥ ϩ874 A allele and the poor outcome of many intracellular infections [24 -26] . The IFN-␥ ϩ874 A allele also lies within the disease-associated haplotype in trachoma, suggesting that less efficient IFN-␥ production may be associated with trachomatous scarring [27] . On the other hand, IFN-␥ may have a less important role in host defense during genital CTR infection than during ocular infections or many other intracellular infections, because genital CTR strains are capable of evading IFN-␥-mediated defense. Resistance to IFN-␥ is based on the capability of genital CTR strains to synthesize tryptophan from indole provided by the vaginal microbial flora [28 -30] .
Chlamydia infection induces TNF-␣ secretion in human lymphocytes [16] and in tubal organ cultures [31] . We found that carrying the TNF-␣ Ϫ308 A allele, which has been previously associated with high TNF-␣ production [32] , increases the risk of moderate and severe adhesions in TFI. This finding is in agreement with the known tissue-damaging manifestations of TNF-␣ and supports the role of the TNF-␣ Ϫ308 SNP in tubal pathologic findings. TNF-␣ is involved in fibrosis and tissue remodeling [8] . The TNF-␣ Ϫ308 A allele has also been shown to increase the risk of scarring trachoma [33] . Because the TNF-␣ gene lies in the immune-dense area of chromosome 6, it is possible that the risk of TFI development also involves other immune factors, such as HLA genes. Certain HLA class II alleles have been associated with infertility in women with pelvic inflammatory disease [34] and with cell-mediated immune responses to CHSP60 [14] .
In addition to acquired immunity, the mechanisms of natural immunity are important in the host defense against CTR, especially in the early phase of infection. IL-1, secreted by activated macrophages, has been shown to initiate Fallopian tube destruction in an in vitro model of CTR infection [23] . However, when polymorphisms in IL-1␤ and IL-1 receptor antagonist genes were studied, no association with the risk of tubal pathologic findings was found [35] . IL-6, which is mainly secreted by epithelial cells and macrophages, is important for an optimal early host response in experimental CTR infection [36] . It is also known to play a critical role in the differentiation of B cells into antibody-producing plasma cells [37] , which is important in resistance to CTR infection. We found that the IL-6 CC genotype was more common in cases than in controls, suggesting that genetic predisposition to low IL-6 production might increase the risk of disease complications occurring after exposure to CTR. However, distribution of the IL-6 genotype was similar among women with different disease manifestations, indicating that, in later stages of infection, other factors are important in the progression of the disease. The strengths of the present study include accurate laparoscopic evaluation of the cases [38] and uniform classification of the degree of tubal damage [17] . This is necessary when analyzing genetic associations in connection with disease severity. Moreover, use of a combined test of CTR-specific humoral and cell-mediated immunity in predicting chlamydial TFI [18] enhances the validity of our study. There were also some limitations of the study. It would be interesting to test the interaction of different candidate genes in the development of TFI, but a larger study population is needed for combined trait analysis. In addition, controls who have been exposed to CTR but who have not developed complications would be ideal for evaluating factors that predispose women to TFI. However, for ethical reasons, it is not possible to gather controls who have known exposure to CTR and for whom data on their fertility status are available. In the present study, the controls were healthy blood donors who represented the normal population.
In conclusion, we found that a genetic predisposition to high IL-10 and low TNF-␣ expression was associated with a strong inflammatory response and fibrosis of the Fallopian tubes, increasing the risk of severe tubal damage in women with CTRassociated infertility. This finding suggests that differences in these genes explain individual variations in manifestations of CTR disease. Knowledge of the genetic basis of pathogenesis is important for understanding disease mechanisms and contributes to the design of new therapeutic strategies and, also, to vaccine development.
